While excessive sitting time is related adversely to cardio-metabolic health, it is unknown whether standing is a suitable replacement activity or whether ambulatory movement is required. Using isotemporal substitution analyses, we modelled cross-sectional associations with cardio-metabolic risk biomarkers of reallocating time (2 h/day) from sitting to standing or to stepping.
Introduction
High levels of sedentary time-or, too much sitting-have been linked detrimentally with cardiovascular disease, diabetes, and premature mortality.
1, 2 In modern society, adults are highly sedentary, with the average self-reported sitting time ranging from 3.2 to 6.8 h/day across 32 European countries 3 and objective measures indicating 55 -69% of adults' waking hours are spent sedentary. 4, 5 Accordingly, broadly stated guidelines on reducing sitting time have emerged. 6, 7 For these to become more specific guides to action, it is important to understand the relative benefits of the common daily activities (standing and stepping) that could replace sitting. The cardio-metabolic health benefits of ambulatory activity are well established. 8 However, the potential benefits (or harms) of standing, a non-ambulatory alternative to sitting, are less well understood. Experimental studies have shown acute benefits of standing for postprandial glucose responses, 9,10 but there is little evidence regarding non-acute relationships of directly measured standing with glucose metabolism or other cardio-metabolic risk biomarkers. Moreover, existing evidence seldom considers time displacement-that reduced time spent in one activity (e.g. sitting) inevitably increases time spent in other activities (e.g. standing). The potential cardio-metabolic impact of sitting reductions should include both the impact of reducing sitting time and of increasing time spent in non-sitting activities (i.e. standing or stepping).
Isotemporal substitution addresses such time displacements, estimating associations observed when cross-sectionally reallocating time from one activity to another, keeping total time and time in other activities fixed. 11 Studies measuring activity with hip-worn accelerometers suggest the benefits of reducing sedentary time on cardio-metabolic biomarkers likely vary depending on what displaces sedentary time. Stronger associations are observed when time (e.g. 1 h) is reallocated from sedentary to moderate-to vigorous-intensity activity than to light-intensity activity. 12, 13 However, isotemporal substitution has not yet been used to examine the potential health-related impacts of reallocating time from sitting to standing. This is necessary given recent findings show large shifts between these non-ambulatory activities are feasible and acceptable 14 but have an unknown cardio-metabolic impact.
Using data collected from postural sensors, we examined crosssectional associations of sitting, standing, and stepping with cardiometabolic risk biomarkers in a broad sample of Australian adults. Associations were estimated considering time displacement (isotemporal substitution).
Research Design and Methods

Study design, participants, and recruitment
The Australian Diabetes, Obesity, and Lifestyle Study (AusDiab), a general population-based sample of community-dwelling Australian adults aged ≥25 initiated in 2000, had its third wave of data collection in 2011/12 (AusDiab3). This included objective activity assessment in a subsample of eligible participants recruited from on-site attendees (n ¼ 4614) from 46 sites across Australia. 15 Participants were invited consecutively until either no more devices were available or five participants had been recruited for that day. A total of 1014 participants were approached; of these, 782 agreed to wear the activity monitor and 741 (73%) of these provided at least 1 day of valid data. The study complies with the Declaration of Helsinki. Ethics was approved by the Alfred Health Human Ethics Committee. Written informed consent was obtained.
Data collection
On the day of recruitment, as part of the AusDiab study procedures (protocols previously published 15, 16 ), participants underwent biochemical, anthropometric, and behavioural assessments. In brief, following an overnight fast, a standard oral glucose tolerance test was performed, during which time all other data were collected, and the activity monitors were attached.
Measures
Activity outcomes Activity outcomes were measured by the highly accurate 17 -20 activ-PAL3 activity monitor (PAL Technologies Limited, Glasgow, UK; version 6.4.1; see Supplementary material online, Table S1 ). The monitor was initialized, waterproofed, and then secured onto the right anterior thigh with a hypoallergenic patch. Participants were asked to wear the monitor continuously (24 h/day) for 7 days following the onsite assessment and to report in a diary all wake up, sleep ('lights out'), and monitor removal times (if any). Monitor data were processed in SAS 9.3 (SAS Institute Inc., Cary, NC, USA; see Supplementary material online, Table S1 ). Periods spent sleeping or not wearing the monitor and invalid days were excluded. For each participant, MET (metabolic equivalent)-minutes of stepping and time spent sitting, standing, stepping, and stepping at moderate-to vigorous-intensity physical activity (MVPA; ≥3 METs) were totalled for each day, averaged across valid days, then intensity (METs) of stepping time was calculated (MET-minutes/minutes of stepping).
Cardio-metabolic and anthropometric outcomes Blood was collected via venepuncture and analysed at a central laboratory in Melbourne, Victoria (Healthscope Pathology). Serum triglycerides, total cholesterol, and high-density lipoprotein (HDL) cholesterol were measured by enzymatic methods; fasting and 2-h post-load plasma glucose were measured via a hexokinase method (Siemens Advia 2400). Low-density lipoprotein (LDL) cholesterol was determined using the Friedewald equation. 21 Height (stadiometer) and weight (digital scales) were measured without shoes to the nearest 0.5 and 0.1 kg, respectively. Blood pressure was measured in triplicate in the seated position after rest for ≥5 min using an automated blood pressure monitor (Dinamap w Pro-series Monitor Model DP 101-NIBP). Minimum differences of interest (per 2 h/day of activity) were: 5% body mass index (BMI); 2 cm waist circumference; 5 mmHg systolic blood pressure; 3 mmHg diastolic blood pressure; 10% fasting glucose, post-load glucose and HbA1c; 5% total-, HDL-, LDL-cholesterol, and total/HDL-cholesterol ratio (equivalent to 0.26 mmol/L total cholesterol, 0.08 mmol/L HDL-cholesterol, and 0.15 mmol/L LDL-cholesterol); and 10% triglycerides.
Demographic and behavioural attributes Socio-demographic and behavioural attributes, medical history, and current use of antihypertensive, diabetes, and lipid lowering medication were assessed via interviewer-administered questionnaires and categorized as per Supplementary material online, Table S2 . Dietary variables were assessed via the self-completed Dietary Questionnaire for Epidemiological Studies Version 2. 22 
Analysis
Statistical analyses were performed in STATA version 12 (StataCorp LP, College Station, TX, USA), using linearized variance estimation (survey commands) to account for the cluster design of the AusDiab study. Significance was set at a two-tailed P , 0.05 and to P , 0.001 for interactions (due to the excessive number of these assumption tests). Participants who provided at least one valid day of monitor data (n ¼ 741) were not pregnant (n ¼ 739), and who had complete data on covariates and outcomes (n ¼ 698 or n ¼ 664 for post-load glucose, which was not assessed in those taking diabetes medications) were included.
The characteristics of third-wave AusDiab attendees who were/ were not included (due to ineligibility, sampling or non-participation; Supplementary material online, Table S2 ) and the baseline (1999/ 2000) characteristics of those who attended/did not attend the third AusDiab wave (Supplementary material online, Table S3 ) were compared using logistic regression. Associations of activities with cardiometabolic biomarkers were examined using linear regression models. Sitting, standing, and stepping were considered individually, adjusting for waking wear time (residuals method) and potential confounders (Model A), and also further adjusting for MVPA (stepping at ≥3 METs; Model B). Potential confounders were age, gender, and any characteristic that showed evidence of association with the outcome (P , 0.2 in backward elimination; Supplementary material online, Table S4 ). When significant associations were observed, the interdependent (time displacement) associations were then tested using isotemporal substitution. 11 Associations were reported as regression coefficients or relative rates for log-transformed outcomes, with 95% confidence intervals, per 2 h/day reallocated. These indicate the cross-sectional associations with mean levels of biomarkers observed with reducing the mean time spent in less active behaviours (i.e. sitting or standing) by equivalently increasing the mean time spent in more active behaviours (i.e. standing or stepping) by 2 h/day without altering total waking wear time. Models reported did not display problems with non-normality, heteroscedascicity, or non-linearity; all variance inflation factors were ,2.5 (Supplementary material online, Table S5 ). Partition models displayed multicollinearity; therefore, these were not reported. Sleep time (which has non-linearity issues) was not included in the models; only reallocations between waking activities were considered.
Results
Sample characteristics
Socio-demographic, behavioural, and health characteristics of participants are provided in Supplementary material online, Table S2 . The sample covered ages 36-80 (median ¼ 57) years, with 57% women.
Most participants provided at ≥4 days of monitor data (n ¼ 678, 97%) and many provided all 7 (n ¼ 572, 82%). On average (mean + SD), worn waking hours (15.7 + 1.1 h/day) were mostly spent sitting (8.8 + 1.8 h/day) and standing (4.9 + 1.5 h/day), with 2.0 + 0.7 h of stepping and 1.2 + 0.4 h of MVPA per day. Participants' stepping intensity was on average 3.11 + 0.16 METs.
Selection bias
Minor, but statistically significant, differences between the included substudy participants (n ¼ 698) and the other AusDiab wave three attendees (n ¼ 3916) were observed (Supplementary material online, Table S2 ). There was a tendency to exclude those with lower dietary fat intakes and those who were older, shorter, of lower socioeconomic position, post-menopausal, not taking the oral contraceptive pill, and with some poorer health characteristics. As previously observed, 15 there were some biases in loss to follow-up with a number of small but statistically significant differences in baseline characteristics between those who attended the wave three follow-up vs. those who did not (Supplementary material online, Table S3 ).
Associations of sitting, standing, and stepping with cardio-metabolic biomarkers
The associations with cardio-metabolic biomarkers of sitting, standing, and stepping examined individually are shown in Table 1 . Adjusted for confounders, each additional 2 h/day spent sitting (i.e. 2 h/day less standing and stepping) was significantly associated with higher BMI (≈3% with RR ¼ 1.03, 95% CI: 1.01, 1.05), waist circumference (b ¼ 2.12, 95% CI: 0.83, 3.41, i.e. ≈2 cm), fasting plasma glucose (≈1%), total/HDL-cholesterol ratio (≈5%), triglycerides (≈12%), 2-h plasma glucose (≈4%), and lower HDL-cholesterol (≈0.07 mmol/L). The associations of sitting with fasting glucose and the lipids were independent of MVPA, while associations with the adiposity markers and 2-h plasma glucose were attenuated in magnitude and no longer statistically significant following MVPA adjustment. Conversely, each 2 h/day spent standing was significantly associated with lower fasting plasma glucose (≈2% based on 1/RR with RR ¼ 0.98), total/HDL-cholesterol ratio (≈6%), triglycerides (≈14%), and 2-h plasma glucose (≈3%) and higher HDL-cholesterol (≈0.07 mmol/L). Only the association of standing with 2-h plasma glucose was attenuated with adjustment for MVPA (to ≈2%, P ¼ 0.104). Each 2 h per day of stepping was significantly associated with lower BMI (≈11%), waist circumference (≈8 cm), total/ HDL-cholesterol ratio (≈6%), triglycerides (≈20%), and 2-h plasma glucose (≈14%) and higher HDL-cholesterol (≈0.14 mmol/L). None of the activities showed significant associations with systolic and diastolic blood pressure, HbA 1c or LDL-cholesterol. The only inconclusive non-significant findings were for associations of standing with waist circumference, and for stepping with diastolic blood pressure and LDL-cholesterol (with confidence intervals containing meaningful associations, based on the minimum differences of interest). Associations of sitting, standing, and stepping with cardio-metabolic biomarkers did not vary significantly by age or gender at P , 0.001 (Supplementary material online, Table S6 ).
The interdependent (time displacement) associations with cardio-metabolic biomarkers are shown in Figure 1 . Two hours per day increases in stepping time in conjunction with equivalent reductions in standing time were associated with significantly lower BMI (≈10%), waist circumference (≈7 cm), and 2-h post-load glucose (≈11%). Two hours per day increases in stepping time coinciding with equivalent decreases in sitting time were significantly associated with these outcomes (≈11% lower BMI, ≈7.5 cm lower waist circumference, and ≈12% lower post-load glucose) and with lower triglycerides (≈14%) and higher HDL-cholesterol (≈0.10 mmol/L). Glucose and lipid profiles were also significantly associated with reallocating time from sitting to standing (posture changes with no additional ambulation). Each 2 h per day sittingto-standing reallocation was associated with significantly lower fasting glucose (≈2%), total/HDL-cholesterol ratio (≈6%), triglycerides (≈11%), and higher HDL-cholesterol (≈0.06 mmol/L). The only inconclusive non-significant findings pertained to associations with waist circumference of sitting-to-standing reallocations and with lipid outcomes of standing-to-stepping reallocations. Further adjustment for stepping intensity mostly did not alter findings (Supplementary material online, Table S7 ); however, some associations became non-significant. Mostly, this was with little or no changes to effect size except that the standing-to-stepping reallocation had an association with waist circumference that changed from ≈7.0 cm (P ¼ 0.001) to ≈4.5 cm (P ¼ 0.053) upon adjustment.
Discussion
These findings provide novel evidence on associations with cardiometabolic risk biomarkers of standing, measured objectively from direct postural sensors, in a sample of Australian community-dwelling adults. Importantly, associations were identified with consideration to time displacement (i.e. when sleep is not changed, sitting reductions inevitably require increases to standing time, stepping time, or both). These cross-sectional findings provide some indication that cardio-metabolic benefits, particularly to glucose and lipid metabolism, may be achieved when reducing sitting through increases in standing, at volumes shown to be feasible and acceptable in workplace-setting interventions. 23, 24 Significant associations with indicators of adiposity (BMI and waist circumference) were only observed when additional time was spent stepping (at the expense of either reduced standing or reduced sitting).
A key strength was the use of highly accurate activity monitors that directly measure posture from the thigh position. Prior studies have all relied on self-report, or monitors worn on the hip or waist that are prone to misclassification. 25 percentage of the waking day spent sitting/reclining (56%), and the associations of sitting time with the cardio-metabolic biomarkers, were broadly consistent with the extant literature on sedentary time as measured with other methods. 4,26 -28 This is one of the first studies to report on the associations of objectively measured standing with cardio-metabolic biomarkers. Standing comprised nearly one-third (≈31%) of waking hours and most (≈70%) of the waking hours that were not spent sitting. Standing showed beneficial associations with lipids, and fasting and 2-h post-load plasma glucose. The glucose findings are consistent with experimental studies showing acute reductions in postprandial glucose following short bouts of standing, 9, 10 and might be one pathway to explain the lower risk of mortality associated with increased self-reported standing. 29 Most associations of standing with cardio-metabolic outcomes persisted after adjustment for MVPA. However, these 'independent' or 'adjusted' effects may understate the relevance for each activity to cardio-metabolic health as they exclude any effects due to time displacement mechanisms. We considered such time displacement effects in the isotemporal substitution analyses. Such approaches have been used before, 12, 13 but with reallocations to light-intensity activity, not specifically between seated and upright posture in the absence of ambulation. The associations with fasting glucose, HDL-cholesterol, and triglycerides were similar whether reallocating time from sitting to standing, or to stepping: findings consistent with some posture-based mechanisms proposed. Specifically, both standing and stepping Figure 1 Cross-sectional associations with mean cardio-metabolic biomarkers of 2 h/day reductions in mean sitting or standing time coinciding with equivalent increases in standing or stepping time (isotemporal substitution models; n ¼ 698 or 664 for 2-h post-load glucose). Associations are described as regression coefficients (b) or relative rates for log-transformed outcomes with 95% confidence intervals, and are plotted on a log scale, with b rescaled as (b + mean)/mean. Models are adjusted for age, gender, and confounders (Supplementary material online, Table S4 ), total wear time and all activities except the one time is allocated away from. Dotted line indicates no association. Italicised P values report the difference between the sit-stand and sit-step reallocations.
Replacing sitting by standing or stepping increase skeletal muscle activity compared with a sitting or reclining posture. 30 In animal models, local muscle contractile activity influences maintenance of lipoprotein lipase activity-one of the key enzymes in glucose and lipid metabolism. 31 An upright posture is also associated with increased muscle sympathetic nerve activity 32 and reductions in plasma volume, 33 which may contribute to the associations observed with the lipid and glucose biomarkers. The association with fasting glucose was modest and of borderline significance (P ¼ 0.047); the associations with lipids were more pronounced.
Associations with adiposity biomarkers and post-load plasma glucose appeared to differ depending on the specific activity (standing/ stepping) sitting time was reallocated to. Only the reallocations to stepping reached statistical significance. The only inconclusive finding was regarding the association of sitting-to-standing reallocations with waist circumference. These anthropometric findings are consistent with the known importance of energy homeostasis for adiposity, 34 and the much greater energy expenditure of stepping compared with sitting or standing 35 -which was on average in this study ≈3. The time -displacement findings were broadly consistent with those of previous studies. 12, 13 Specifically, in adults (≥ 20 years) from the US National Health and Nutrition Examination Survey, reallocating time from sedentary to light-intensity activity had significant beneficial associations with triglycerides and markers of insulin resistance, with a reallocation to MVPA necessary to observe significant beneficial associations with waist circumference. 13 In adults aged 57-79 years from the Whitehall II epidemiological cohort, significant benefits on cardio-metabolic biomarkers were only observed when reallocating time from sedentary to MVPA, with no statistically significant associations observed for the sedentary to light-intensity reallocation. 12 While experimental studies are required to verify these crosssectional findings, they nevertheless have relevance for sitting reduction interventions, particularly those that predominantly displace sitting with one alternative activity. With workplace treadmilldesk interventions, sitting is likely to be replaced predominantly with stepping; with workplace sit-stand workstation interventions, sitting reductions are likely to be primarily achieved by increased standing.
14 Accordingly, if both types of intervention approaches achieve a similar sitting reduction, benefits to lipid (and possibly glucose) metabolism are likely to be seen in both interventions, but treadmilldesk interventions (with their associated caveats) may be the approach most likely to achieve the greatest adiposity benefits. To date, the evidence regarding the non-acute (i.e. .1 day) effects of such interventions on biomarkers is mostly inconclusive due to insufficient sample size. 37 Nonetheless, some findings support the cross-sectional evidence. Benefits in terms of higher HDL-cholesterol have been reported in an intervention whose participants mostly or exclusively replaced sitting with standing. 24 Conversely, benefits for waist circumference and total-and LDL-cholesterol 38 and weight 39 have been observed in interventions where sitting was mostly or exclusively replaced with physical activities of a higher intensity (e.g. walking). Our study involved a moderate sample size that appeared adequately powered for most analyses, except for those instances where associations were non-significant but meaningful effect sizes could not be ruled out. Larger studies are needed for definitive evidence. The sample covered a wide range of community-dwelling adults located across Australia, but loss to follow-up, the subsampling, and participation biases may limit generalizability. Key biomarkers, including insulin and inflammatory markers, that may reflect potential pathways through which sitting and upright activity may impact on cardio-metabolic health, 40 were not measured. Results may be affected by residual confounding from variables that were not measured or measured with error. For example, with limited monitor removal during waking hours, adjusting for waking wear time indirectly controlled for sleep, but with some residual confounding possible due to non-linearity and measurement error.
Residual confounding by stepping intensity is possible in those instances where adjustment led to loss of significance; but this may also have been power loss upon adjustment as the changes to effect sizes were mostly limited. Collinearity problems were incurred when attempting to examine accumulation patterns (prolonged vs. shorter bouts) of sitting and standing that may have different associations with cardio-metabolic biomarkers 41, 42 ; accordingly, these were not reported. Longitudinal or intervention studies are required to provide evidence regarding causation.
These findings provide important preliminary evidence on the potential benefits of standing for cardio-metabolic risk biomarkers, especially improved lipid metabolism. This has important public health implications given that standing is a common behaviour, 29 the most common alternative to sitting, and predominantly replaces sitting in some types of effective and acceptable environmental sitting-reduction interventions. 24 Findings suggest that the potential benefits of sitting reduction is likely to depend on the behaviours with which sitting is replaced; this should be tested by comparing cardio-metabolic outcomes from sitting-reduction trials that achieve comparable sitting reductions by increased standing (e.g. sitstand workstations and activity-permissive desks) vs. by increased stepping (e.g. treadmill desks).
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